Topological insulators host on their surface unique conductive electron states, characterized by their almost linear dispersion. Their properties are robust against wide range of perturbations while they respect symmetries, which leads to forming of surface states. There exist possibilities to open the surface gap by breaking the time reversal symmetry, e.g. by magnetic doping, which brings new possibilities for applications. In reality, however, several kinds of native defects are present in the material which influence the actual properties of the material. In the present work we focus on the presence of stacking faults, actually twinning planes, in the Bi2Se3 layered structures based on the TB-LMTO-ASA calculations. Their behavior under the presence of magnetic and non-magnetic chemical disorder is studied as well. Finally, the influence of the presence of twinning planes on the surface states in topological insulators is examined. We show the distribution of the twinning planes in the material in an ideal structure same as in dependence on the (non)-magnetic doping, likewise the influence on the surface gap.
I. INTRODUCTION
Topological insulators (TI) protected by time reversal symmetry (TRS) were ones of the first discovered three dimensional topological material [1] [2] [3] [4] . Although the bulk band structure stays gaped the surface of such materials hosts unique conductive states possessing linear dispersion, which intersect in the so-called Dirac point [1, [4] [5] [6] [7] . Forming of surface electron states comes from the occurrence of a strong spin orbit coupling (SOC), which is given by heavier elements, and the presence of TRS. It ensures band crossing in high symmetry points of the Brillouin zone, because any crystal symmetry is required (compare e.g. topological crystal insulators [1, 5] ). Combination of strong SOC and TRS lead to the spin polarization of surface bands [3, 5, 8] . Electrons moving in the proximity of the Dirac cone with a opposite momentum have also opposite spins as well, so-called spinmomentum locking. It ensures e.g. a suppression of back-scattering and related great surface transport properties [9, 10] .
For real applications the influence of defects could be important, since they might significantly alter properties of the ideal matter. It could be varied intentionally by chemical doping. In the case of TI, the magnetic doping is significant. It leads to breaking of TRS and therefore it opens surface gap [11, 12] . Then not only does a possible control of surface conductivity appear due to increased surface scattering, but also it could bring the occurrence of new unique phenomena as QAHE [13] . Besides, native defects occur there. Their presence is hardly controllable and they might have a significant impact of physical properties [14, 15] as well. There could exist several kinds of native defects depending on the actual compound and * Corresponding author: sebesta.j@email.cz the growing process. It includes also twinning planes, a kind of the plane defect we are focusing on in this article.
An important group of 3D topological insulator are bismuth chalcogenides, such as Bi 2 Se 3 studied in this paper [16, 17] . This compound posses relatively simple band structure, convenient for experimental and theoretical studies, with Dirac cones at the Γ point. The crystal structure of Bi 2 Se 3 , belonging to the R3m space group, consists of Bi and Se hexagonal layers. They are gathered into quintuple layers (QLs), in which Bi and Se layers alter ( Fig. 1 ). Due to coupling of QLs only by vander Waals (vdW) forces there appears a gap between QLs, so-called 'van der Waals' gap [17] . The presented crystal structure offers several sites, which could be occupied by magnetic atoms. Based on the theoretical and experimental studies the most probable position for Mn atom doping is a substitutional position, where the magnetic atoms replace Bi atoms (Mn Bi ) [18] [19] [20] . Naturally, there also appears native defect like Bi or Se anti-sites (Bi Se resp. Se Bi ), where Bi atoms replace Se ones and vice versa. Theoretical studies revealed that the most favorable intrinsic defect are the Se vacancies (Vac Se ) [18, [21] [22] [23] .
Not only point defect appears there, but also layer defects were experimentally reported. As stated in the beginning we are focusing on twinning planes (TP) are [24] [25] [26] . TP consist in stacking fault in the layered structure of bismuth chalcogenides. In their ideal structure three positionings of hexagonal layers alternate similar to close packed FCC like structures. During the growth process there exist two distinct sites, which the atoms in the new layer can occupy. Therefore mirrored stacking might arise, which could be represented by 60 • rotation of new layers in relation to the ideals ones [26] . Possibly there exist a few positions where TP could appear, but the most probable one lies in the vdW gap [27] . It consists in the mirroring of the stacking of the adjacent QLs. The reported experiments showed that the presence of TPs strongly depends on the used substrate [28, 29] . For clarity in the following text we will describe the position of TP by sub-and superscript denoting adjacent QLs. The notation T x x+1 is used for simplicity and QLs are enumerated from the vacuum interface.
Similarly to point defects, TPs might have a significant influence on the physical properties. Therefore in this paper we focuse on the influence of the TP on 3D TI Bi 2 Se 3 . Primarily we describe a distribution of TPs in a layer material. Then compare behavior of magnetic and non-magnetic sample. Finally, the influence of TPs on the surface states is discussed.
II. FORMALISM
The study is based on ab-initio calculations done within TB-LMTO-ASA by using the tight-binding linear muffin-tin orbital method with the atomic sphere approximation formulated in terms of Green's functions [30, 31] . It involves the local spin density approximation with Vosko-Wilk-Nursain exchange potential and using of a s,p,d atomic model [32] . Calculations were treated in the scalar relativistic approximation, where on-site spin-orbit coupling was involved into the scalar relativistic Hamiltonian as a perturbation. A basic screened impurity model was included to improve treating electrostatics of disordered systems [33] . Thanks to using of Green's function formalism a chemical disorder could be treated within the coherent potential approximation (CPA) [34] . It allows to avoid using of large statistical ensembles and it is suitable for small perturbation in the system. To simulate a layered structure, which is important to treat TPs, layered Green's functions reflecting translation symmetry only in a layer were involved [31] . The multilayer sys- tem was attached to the semi-infinite leads, which have to satisfy self-consistent conditions. Thanks to the coupling of multilayer to the attached lead it is possible to obtain self-consistent solution also for the inner layers. The crystal structure was based on the experimental lattice parameters (Bi 2 Se 3 unit cell a = 4.138Å and c = 28.64Å [17] ), which were used to build the multilayer structures. The vdW gap in between QLs was included in ASA by placing empty spheres (ES). In a similar sense the vacuum above the multilayer was included as it was formed from the fcc-like stacked empty sphere layers keeping the three-fold symmetry of Bi 2 Se 3 layers. Because leads should fit to the simulated structure scandium was selected. Its hcp crystal structure suits to fcc like stacking within QLs and it possesses not too much distinct lattice parameters [35] . The multilayer consists on intermediate Sc layers of the borders, then ten or twenty QLs and ten layers of ESs, which is a sufficient number to simulate the vacuum and to obtain surface gapless states. The vdW gap involving in QLs was kept in the interface between Bi 2 Se 3 and the bottom (bulk) lead, including the intermediate layers. Native defects (Bi Se ) same as magnetic Mn Bi doping were treated. In general, mentioned defect occupied the appropriate sites with the same probability, unless otherwise stated. The influence of the defects on the crystal structure was reflected by local lattice relaxation similar to previous bulk calculation of Bi 2 Te 3 and Bi 2 Se 3 [14] . The relaxation cor-responding to the presence of surfaces is not included in our calculations. In our calculation we simulate TPs in the vdW gaps with respect to the required 2D periodicity in the layer. Hence no structure boundaries within a layer, which are related to the presence of TP [24] , were involved.
III. RESULT AND DISCUSSION
Initially the formation energy of TPs and its distribution in pure layered materials was studied. We compare total energies of structures without a TP with total energies of structures including various positioning of TPs within Bi 2 Se 3 to obtain the formation energy of TPs. Simulations include likewise distinct stacking at the Bi 2 Se 3 multilayer boundaries and different numbers of TPs.
In the simulated structure possessing the vacuum and bulk interface a TP can be placed in two different ways. It has to lie at a Se layer neighbouring to the vdW gap. Since, a TP can appear either on the vacuum or the bulk side of vdW gap. We denote it as type A resp. type B (Fig. 2 ). Calculated formation energies revealed a significant difference between mentioned types of TPs.
Obtained negative values of the formation energy belonging to the presence of the A-typed TPs favour its occurrence in the simulated ideal Bi 2 Se 3 multilayer structure, regardless of the position of TPs (Fig. 3 ). Whereas relatively high positive formation energies belong to B-typed TPs. We verified the influence of the surrounding on the obtained results using stacking exceptions in the initial ABC stacking. We introduced TPs at the vacuum and bulk interface (T vac and T sub ) same as stacking faults (F vac resp. F sub ) consisting in changes of ABC liked stacking in the vicinity of the interface. We observed only a relatively small impact on the formation energies, which depends on the distribution of TPs ( Fig. 3 )
The calculations for a single TP in a 10 QL width multilayer show a tendency of TPs to incline toward the bulk interface regardless of the stacking at the interfaces ( Fig. 3 ). In the vicinity of Bi 2 Se 3 boundaries the calculated energy curces split according to the stacking at the interface. The shown splitting in the proximity of the vacuum interface is manifestation of using the ASA in our calculations. The form of the spacer simulating the vacuum (Fig. 2) , which consists of layers of empty spheres, influence naturally physical properties. Presence of T vac keeps the results roughly intact. Only the formation energy for TPs close to the interface become more negative. The effect is the more pronounced the more serious perturbation appears (F vac ). The observed changes of the formation energy are given by the interaction of the studied TPs in the multilayer with perturbed stacking of vacuum layers. It arises from the change of the stacking order of ESs in the vicinity of the surface and their tiny non-zero charge density, which spreads from the surface layer. Similarly an opposite effect is indi-cated at the bulk side in dependence on the structure of the substrate. A different magnitude of the effect comes from a different structure of F vac and F sub . The location of the perturbation is important as well. It can be depicted by a distribution of charge transfer ∆ρ t through the structure (Fig. 4) . It describes the change of the distribution of atomic charges caused by a TP. We observed that the charge perturbation in the case of the A-typed TPs spreads from the mirror layer mainly towards the vacuum interface and vice versa for the B type. It corresponds to the shape of calculated energy dependencies (Fih. 3). They evince a tendency to the elongation of the region possessing the majority of the perturbation. One can assume the influence of the electrostatic interaction related to a TP and interfaces. The interaction with the interface is likely responsible for the different sign of the formation energy obtained by our calculations. The influence of the interfaces is clearly depicted by the asymmetry in Fig. 4 . They have significant impact on the vicinity of TP in the otherwise symmetrical structure ( Fig. 2 ). Hence one can assume that the dominating interaction with the substrate suppresses B-typed TPs. Whereas the loose vacuum interface allows relaxation of the system perturbed by A-typed TPs.
The obtained negative values of the formation energy belonging A-typed TPs correspond to the experimental observation of TPd in real undoped samples [24] [25] [26] . Then a tendency to form stacking faults related to the negative formation energy seems to be a natural form of decreasing total energy of the ideal structure. The observed difference in the formation energies between TPs in surface and bulk layers might lead to a distinct behavior during annealing. Hence the probability of forming TP [24] should be higher in the bulk then in the surface and vice versa. Based on the structural measurements one could also conclude that there is no twin defect close to the surface. Usually TPs are distant more than 10 QLs from the surface [26] . Less stability of TPs in the vicinity of the sample surface indicates, that it might be easy to get rid of it by annealing of the sample. We note that a general dependence of the formation energy on the density of such stacking faults is out of the scope of this article. Further, in the following text we deal only with A-typed TPs unless otherwise stated.
The presented calculations showed an interplay between close stacking faults. One can observe it in the mentioned splitting of energy dependencies, where it is represented by an extra energy contribution (Fig. 3) . The interaction between TPs was studied by introducing an extra TP in the structure (Fig. 5) . The position of one TP was kept fixed there while the another was approached to it. We found that the initial dependence obtained for a single TP (Fig. 3) is changed only for the adjacent TPs, where appears an extra interaction energy (Fig. 5 ). Because of the strong effect given by interfaces, we introduces a larger system with two fixed TP and the third one moving in between (Fig. 6 ). It helps us to get rid of the effects caused by the inter- faces, which are presented e.g. in bending or in splitting of calculated curves (Figs. 3, 5 ). The new approach gives a similar behavior to the previous one ( Fig. 5 ), but with a clearly visible repulsion energy of the neighboring TPs (Fig. 6a ). Whereas for distances over two QLs no effect was observed. It showed that TPs in a pure sample are likely spread over the sample with distances at least of the width of three QLs. Experiments prove that if more than one twin plane is observed, they are clearly several 10nm apart [26] . One should be aware that we are comparing ground state calculations with a molecular beam epitaxy growth, which occurs far from equilibrium conditions. The described behavior dramatically changed when a chemical disorder is introduced in the sample. Regardless of the type of doping, whether is magnetic (Mn Bi , Fig. 6b ) or not (Se Bi , Fig. 6c ), we observed a modification of distributions of TPs in comparison to the pure sample ( Fig. 6a) . Calculations showed that a magnetic disordered (Mn Bi ) leads to gathering of TPs instead of their spreading, which was observed in the undoped system. Whereas non-magnetic disorder almost removes presence of any preferred positions as no significant energy difference was observed ( Fig. 6c ) in comparison to the ideal one (Fig. 6a) . The energy differences are about one order of magnitude smaller in the case of non-magnetic doping.
We assume that gathered TPs in the case of magnetic doping likely minimize the induced effect on the electron structure. It is caused by interplay of TPs and disorder in connection with the magnetism, which naturally doesn't exist in the pure structure. It likely indicates that TPs are not too favorable in the magnetically disordered systems as the dependence of the relative formation energy on the defect concentration proves (Fig. 7) .
The flatten dependencies calculated for the nonmagnetic disorder likely originates from the suppressed influence of TPs on Bi 2 Se 3 multilayer under the presence of a chemical disorder in comparison to the ideal case. Therefore it emphasises the importance of the magnetism in the interplay with presented TPs in the case of magnetic doping. A general disorder represents only a small contribution. We can assume that the strong modifica- To describe the influence of the type of the disorder on the presence of TPs, we calculated dependencies of the formation energy on the concentration x of Mn Bi or Se Bi defects (Fig. 7) . The calculations were done with a homogeneous doping of the sample. Results obtained for various possible stacking prove that increased amount of magnetic dopants x leads to the suppression of the TPs in the multilayers. Distinct curves for a particular defect denotes different surrounding similarly to Fig. 3 . On the other hand the non-magnetic disorder (Se Bi ) decreases formation energy of TPs in the structure. It corresponds to the discussed suppressed impact of TPS in the case of the non-magnetic disorder.
Later we focused on the influence of TP on the behavior of magnetic Mn dopants. In comparison to the sample with unperturbed stacking we observed that the presence of a TP changes its likelihood in the QL adjacent to the TP (Fig. 8 ) as favored and unfavored sites appears. The relative formation energy differs for distinct substituted Bi sites within OL. There exist two Bi sited per QL (Fig. 8) . The influence of TPs on the electron structure of a particular QL can be reflected e.g. by site-resolved magnitudes of magnetic moments. It shows significant enhancing of magnitudes of magnetic moments on the one side of the TP according to the location of the perturbation depicted by the charge transfer ( Fig 4) . The variation of magnitudes of magnetic moments also corresponds to similar features observed at the boundaries, because the mirrored stacking caused by TP could behave as an extra interface. By comparison the obtained dependencies of relative formation energy with magnitudes of magnetic moments one could observe a clear correspondence between the enhanced magnetic moments and the disfavored position in the vicinity of TP and vice versa (Fig. 8 ). Described interplay of TPs and magnetic defects could explain the energetic gain observed for gathered TPs in magnetic material (Fig. 6 ). Close TPs lead to smaller perturbation of the whole electron structure.
The TI are studied especially due to the occurrence of the conductive Dirac surface states. The appearance of TP can strongly influence their presence since the mirroring of the structure symmetry could represent a boundary in the structure. Hence, in this paper we also try to simulate the influence of the presence of TP and its position on the surface states. We calculated Bloch spectral function (BSF) in the vicinity of the Γ point, where the Dirac cone exists, on the path between high symmetrical reciprocal points M and K. Because BSF isn't too much convenient for the comparison of the investigated structures, it was projected along k-axis to the energy axis, which result in easily handled line plots. The projected BSFs (PBSF) reveal that presence of a TP in a certain distance from the surface breaks the surface Dirac states regardless of the structure of the vacuum interface ( Fig. 9 ). Our calculations showed that for TPs which are closer than 6 QL to the surface the surface gap become opened. The PBSF curves don't reach zero values in the suggested gap partly due to the insufficiently fine mesh in the energy axis and because of a presence of ingap states. They appear especially under presence of T 3 4 ( Fig. 9 ). Their dependence on the vacuum interface indicates a surfaces character of the states. The states likely originate from the interplay between the TP and the interface since they disappear with a distant TP.
As it was mentioned the observed canceling of surface states and gap opening likely arise from the proximity of two interfaces, which lead to a destructive interference [6] . Comparing results obtained for TP below the seventh QL with the unperturbed system we found almost no difference.
Influence of the surface gap in Mn doped Bi 2−x Mn x Se 3 multilayers by TPs can be observed as well. We used there a homogeneous doping of substitutional Mn defect, which is the most favorable position [18, 19] . We found that initial surface gap observed for the concentration of width initially depends of the vacuum interface structure. The presence of F vac leads to about 0.3 mRy narrower energy gap. However, the influence of a TP on the gap width is almost same. The energy gap spreads similarly for both types of interfaces Same as in the previous case the enhanced gap might be explained by the interaction of electron states appearing at the interfaces represented by the surface with the TP resembling an extra boundary. The non-negligible overlap of such boundary states leads to the opening of the surface gap as it was experimentally observed for thin samples [6] . Considering discovered distribution of TP in the multilayer structure one can suppose that TP might seriously influence the surface states especially in thin non-magnetic layers or multilayer structures composed of them.
IV. CONCLUSION
Using the layered structure calculation we studied behavior of TPs in the pure layered Bi 2 Se 3 system same as under the presence of (non-)magnetic disorder. The influence of TPs on properties of Bi 2 Se 3 was studied as well.
Initially the estimation of the formation energy of TPs in the pure layered system was done, which shows a tendency to form TPs in the undoped structure. Besides the influence of the type of the chemical disorder on the TP formation energy was studied. Calculations reveal a suppression of the formation of TPs in the magnetically doped structure. The comparison with the non-magnetic cases manifests the importance of magnetic interactions. The analysis of the distribution of TPs in the pure Bi 2 Se 3 indicates a higher stability of TPs in the bulk region, which correspond to the experimental results and it might be important in the case of annealing of the sample. Calculating total energies for various distributions of several TPs in the multilayer structure we describe the interaction between TPs dependent on the state of doping. Calculation show that TPs in the pure Bi 2 Se 3 almost don't influence each other in distances over tree QLs. The distribution of TPs and their interplay significantly change under presence of a chemical disorder. The presence of a non-magnetic disorder weakens the influence of TPs on the electron structure and therefore the interactions between TPs are significantly smaller. The presence of the magnetism totally transforms the stated behavior. The calculated distribution of TPs revealed that adjacent TPs are energetically favorable. Gathering of the TPs corresponds to the found positive contribution to the formation energy of TPs related to the magnetic doping. Therefore the observed gathering of TPs could be comprehended as its annihilation. The interplay of TPs and magnetic defects clearly demonstrate the appearance of energy preferred sites for magnetic defect in the vicinity of TPs.
Finally, the influence of TPs on the surface states was studied. We showed that the surface gap in the proximity of TP is opened. Similarly, the magnetic surface gap in magnetically doped samples is enlarged. Therefore, the presences of TPs might significantly impact transport properties.
